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HIGHLIGHTS 


•  Hydrogen  is  generated  via  self-hydrolysis  of  NaBH4-based  composite  (xNaBH4— j/NH3BH3)  without  any  catalyst. 

•  More  than  10  wt%  hydrogen  yield  (taking  reacted  water  into  account)  is  achieved  by  optimized  composition. 

•  The  hydrolysis  behaviors  are  affected  by  pH  value,  microstructure  and  the  content  of  NH3BH3  in  the  composite. 

•  The  detailed  hydrolysis  reaction  processes  were  discussed. 
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In  this  work,  NH3BH3  (AB)  is  used  to  induce  hydrogen  generation  during  NaBH4  (SB)  hydrolysis  in  order 
to  reduce  the  use  of  catalysts,  simplify  the  preparation  process,  reduce  the  cost  and  improve  desorption 
kinetics  and  hydrogen  capacity  as  well.  xNaBH4- 3/NH3BH3  composites  are  prepared  by  ball-milling  in 
different  proportions  (from  x:y  =  1:1  to  8:1).  The  experimental  results  demonstrate  that  all  composites 
can  release  more  than  90%  of  hydrogen  at  70  °C  within  1  h,  and  their  hydrogen  yields  can  reach  9  wt% 
(taking  reacted  water  into  account).  Among  them,  the  composites  in  the  proportion  of  4:1  and  5:1,  whose 
hydrogen  yields  reach  no  less  than  10  wt%,  show  the  best  hydrogen  generation  properties.  This  is  due  to 
the  impact  of  the  following  aspects:  AB  additive  improves  the  dispersibility  of  SB  particles,  makes  the 
composite  more  porous,  hampers  the  generated  metaborate  from  adhering  to  the  surface  of  SB,  and 
decreases  the  pH  value  of  the  composite  during  hydrolysis.  The  main  solid  byproduct  of  this  hydrolysis 
system  is  NaB02-2H20.  By  hydrolytic  kinetic  simulation  of  the  composites,  the  fitted  activation  energies 
of  the  complexes  are  between  37.2  and  45.6  kj  mol-1,  which  are  comparable  to  the  catalytic  system  with 
some  precious  metals  and  alloys. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Energy  is  the  driving  force  of  human  existence  and  social 
development.  As  a  clean  fuel,  hydrogen  is  considered  to  be  a  po¬ 
tential  alternative  energy  source  with  the  increasing  serious  energy 
crisis  and  growing  problem  of  environmental  pollution.  However, 
safe  and  effective  on-board  hydrogen  storage  and  generation 
remain  the  main  issues  in  the  hydrogen  economy  [1]. 

Among  various  hydrogen  storage  materials,  sodium  borohy¬ 
dride  (NaBH4,  denoted  as  SB)  and  ammonia  borane  (NH3BH3, 
denoted  as  AB)  are  high-profile  due  to  their  high  theoretical 
hydrogen  yields  (THY)  of  21.3  wt%  and  19.5  wt%  respectively  by 
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hydrolysis  and  without  reacted  water  in  calculation.  Both  of  them 
belong  to  complex  hydrides  and  have  the  following  features:  stable 
storage  at  ambient  temperature  and  pressure,  safe  handling,  ease  of 
control  for  H2  release  [2].  There  have  been  a  lot  of  studies  on  their 
hydrolysis  performance.  SB  can  release  hydrogen  with  a  maximum 
mole  ratio  of  H2/NaBH4  =  4.0  through  hydrolysis  and  half  of  the 
hydrogen  comes  from  H20,  while  AB  can  release  hydrogen  with  a 
mole  ratio  of  H2/NH3  •  BH3  =  3.0  by  hydrolysis  [3  ].  Besides  hydrogen, 
environmentally  innocuous  byproducts  are  produced  in  their  hy¬ 
drolysis  process  as  well.  The  reactions  with  water  can  usually  be 
described  as: 

NaBH4  +  2H20  NaB02  +  4H2  (1) 

NH3BH3  +  2H2O^NH+  +  BO2  +  3H2  (2) 


http://dx.doi.org/10.1016/j.jpowsour.2014.03.038 
0378-7753 /©  2014  Elsevier  B.V.  All  rights  reserved. 
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Eqs.  (1)  and  (2)  are  the  ideal  stoichiometry  of  aqueous  hydro¬ 
lysis.  The  THY  of  the  system  AB— H2O  is  8.98  wt%  with  reacted  water 
in  calculation,  which  is  less  than  that  of  the  system  SB-H2O, 
10.81  wt%.  But  in  practical  applications,  the  reactions  happen  al¬ 
ways  in  excessive  water.  This  point  accounts  for  the  varying  degrees 
of  hydration  of  the  solid  by-products  (i.e.  hydrated  metaborates) 
[4].  Hence,  we  characterize  the  hydrolysis  by-products  through 
XRD  in  order  to  discover  the  actual  reaction  process  of  the 
composites. 

Low  hydrogen  productivity  of  either  SB  or  AB  at  room  temper¬ 
ature  is  regarded  as  a  key  barrier  to  their  commercialization  [5]. 
Catalytic  hydrolysis  accelerates  hydrogen  generation  rate  and 
achieves  on-demand  hydrogen  production  by  controlling  the  con¬ 
tact  of  catalyst  with  aqueous  solution  [6].  Published  literature  has 
explored  various  catalysts  such  as  noble  [7-9]  or  non-noble  metals 
[10,11],  alloys  12-16]  and  acids  [17,18].  At  the  same  time,  the 
following  points  have  to  be  considered  for  practical  applications: 
the  low  hydrogen  yield  caused  by  non-hydrolyzable  catalysts,  the 
high  cost  of  noble  metals,  the  relatively  complex  preparation  pro¬ 
cess  of  some  metal  catalysts  and  alloys,  corrosion  resistance  and 
long-term  cyclic  stability  [11].  Besides  the  use  of  catalysts,  there  is 
also  some  research  focusing  on  hydrolysis  of  solid  SB  with  steam/ 
water  vapor  at  high  temperatures  [4].  Nevertheless,  the  operating 
conditions  still  need  to  be  optimized. 

In  this  work,  a  new  approach  is  introduced  for  hydrogen  gen¬ 
eration,  which  uses  AB  with  high  hydrogen  yield  to  induce  the 
hydrolysis  of  SB  with  high  hydrogen  yield  as  well  and  does  not 
require  any  other  catalyst  in  the  reaction  process.  The  SB-based 
composites  xSB-yAB  used  in  this  work  were  prepared  simply  and 
conveniently.  These  composites  exhibited  much  higher  hydrogen 
generation  yields  and  better  hydrolysis  properties  than  pure  SB  or 
pure  AB.  The  hydrolysis  kinetics  of  the  composites  and  the  inducing 
mechanism  of  AB  are  discussed  in  various  aspects,  such  as  the 
change  of  activation  energies,  the  evolution  of  pH  values,  etc. 

2.  Experimental 

2.1.  Sample  preparation 

In  our  experiments,  NaBH4  (SB,  99%)  is  used  as  received.  NH3BH3 
(AB)  is  synthesized  by  the  procedure  mentioned  in  the  literature 
[19]  and  the  purity  is  about  90%.  All  raw  materials  are  stored  and  all 
manipulations  are  carried  out  in  an  argon  glove  box  with  <5  ppm 
O2  and  <10  ppm  H20.  An  SPEX8000  high-energy  ball  miller  is 
employed  to  prepare  for  xNaBH4-yNH3BH3  composite  samples  in 
different  x:y  molar  ratios  ranged  from  1:1  to  8:1  and  with  the  ball- 
to-powder  weight  ratio  of  30:1  under  Ar  atmosphere  for  15  min. 

2.2.  Hydrolysis  test 

An  experimental  apparatus  is  designed  to  monitor  the  hydrogen 
generation  amount/rate  from  the  xSB-yAB  composites,  as  was 
described  in  Ref.  [20].  Predetermined  quantity  of  the  composites 
(0.2  g)  is  weighted  in  an  argon-filled  glove  box  and  then  transferred 
into  a  250  ml  round-bottom  flask  sealed  by  a  dual-port  tube  with 
one  water  inlet  plug  and  one  hydrogen  outlet  plug.  10  ml  water  is 
injected  into  the  flask  through  syringe  pump,  and  the  reaction  is 
started  by  stirring  the  contents  at  different  temperatures  (25,  40, 
50, 60  and  70  °C).  The  evolution  of  gas  goes  through  Q1SO4  solution, 
a  condenser  and  a  dry  tube  with  CaCh,  respectively.  These  pro¬ 
cedures  aim  at  absorbing  ammonia  in  the  gas  stream,  separating 
steam  emitted  from  the  reaction  and  drying  the  gas,  respectively.  At 
last,  the  generated  hydrogen  is  collected  and  measured  in  an 
inverted  1.5  L  graduated  cylinder  immersed  in  a  water-filled  tray. 
The  residual  solution  is  immediately  dried  in  a  vacuum  oven  after 


reaction  to  obtain  byproducts.  Each  experiment  is  performed  twice 
in  order  to  ensure  the  accuracy  of  the  results. 

2.3.  Microstructure  analysis 

Powder  X-ray  diffraction  (XRD)  is  used  for  characterizing  the 
crystalline  structure  of  the  milled  composite  samples  and  the  hy¬ 
drolysis  byproducts.  The  patterns  are  recorded  on  a  DX-2600 
diffractometer  with  CuKa  radiation.  The  morphologies  of  the  mil¬ 
led  samples  are  detected  by  scanning  electronic  microscope  (SEM), 
which  is  performed  on  a  JSM-7500F  scanning  electron  microscope. 

3.  Results  and  discussion 

3.1.  Hydrolysis  performance  ofSB-AB  composites  and  monomers 

Fig.  1  a  reveals  hydrogen  generation  curves  of  4SB-AB  composite 
in  1  h,  and  it’s  obviously  seen  that  the  chemical  reaction  rate  is 
affected  by  temperature  significantly.  The  higher  the  temperature, 
the  quicker  the  hydrogen  evolution  rate,  and  the  higher  the 
hydrogen  yield  (note:  the  hydrogen  yield  mentioned  in  this  work  is 
considered  for  1  h  only).  The  H2  yield  increases  from  3.28  wt%  up  to 
10.41  wt%  when  the  temperature  rises  from  25  to  70  °C,  and  the  H2 
yield  at  70  °C  almost  close  to  complete  theoretical  dehydrogena¬ 
tion.  By  contrast,  the  hydrolysis  property  of  pure  SB  or  pure  AB  is 
poor,  as  shown  in  Fig.  lb  and  c.  The  H2  yields  of  the  above  mono¬ 
mers  are  lower  than  those  of  the  composites  at  the  same  temper¬ 
atures  in  the  same  time.  Pure  SB  releases  about  2.17  wt%  and 
8.86  wt%  at  25  °C  and  70  °C  in  1  h,  respectively.  Pure  AB  only 
generates  0.63  wt%  H2  at  25  °C,  and  even  at  70  °C,  the  highest  H2 
amount  is  only  1.89  wt%,  which  is  far  less  than  the  THY  of  8.98  wt%. 

The  H2  yields  of  xNaBH4-yNH3BH3  composites  at  different 
temperatures  can  be  seen  in  Table  1.  As  shown  in  both  Fig.  1  and 
Table  1,  it  is  obvious  that  the  dehydrogenation  property  of  the 
composites  is  superior  to  both  pure  AB  and  pure  SB  at  any  tem¬ 
perature,  especially  above  40  °C.  It  is  demonstrated  that  the  com¬ 
bination  of  the  two  compounds  gives  a  synergetic  effect. 
Meanwhile,  the  temperature  has  great  effects  on  hydrolysis  be¬ 
haviors  of  these  composites,  and  the  mechanism  is  discussed  in 
details  in  Section  3.3.1. 

Aside  from  the  temperature  effect,  the  H2  yield  is  also  affected 
by  the  molar  ratio  of  SB  to  AB.  Fig.  2  shows  the  hydrogen  release 
behaviors  of  a  series  of  xSB-yAB  composites  by  hydrolysis  with 
magnetic  stirring  at  60  °C.  All  the  curves  have  the  same  variation 
trend:  there  is  a  very  fast  reaction  rate  in  the  initial  10  min  and  then 
the  rate  slows  down  with  the  reaction  proceeding.  All  composites 
can  generate  more  than  3  wt%  H2  in  5  min,  then  continue  to  pro¬ 
duce  about  2  wt%  more  H2  in  10  min.  The  amount  of  H2  released  in 
the  first  10  min  almost  accounts  for  half  of  total  H2  yield  in  1  h.  The 
theoretical  hydrogen  yield  of  the  composites  increases  with  the  rise 
of  SB  content  (Table  1).  However,  the  experimental  results  show 
that  with  the  increase  of  the  SB  concentration  from  SB— AB  to  8SB— 
AB,  the  actual  H2  yield  increases  first  and  then  decreases.  4SB-AB 
and  5SB-AB  have  the  highest  H2  yields  of  9.42  wt%  and  9.45  wt% 
respectively.  The  kinetics  data  of  all  xSB-yAB  composites  at 
different  temperatures  have  the  similar  variation  trend.  Therefore, 
we  only  show  the  kinetics  data  for  one  temperature.  More  detailed 
information  about  the  hydrolysis  curves  of  each  composite  at  other 
temperatures  (25,  40,  50,  and  70  °C)  can  be  found  in  Fig.  SI  in 
Supplementary  data. 

3.2.  Analysis  ofSB-AB  composites  and  hydrolysis  by-products 

Fig.  3  shows  the  XRD  patterns  of  xSB— yAB  composites  with 
various  molar  ratios  after  ball  milling  under  Ar  atmosphere  for 
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Fig.  1.  Hydrolysis  curves  of:  (a)  4SB-AB  composite;  (b)  SB;  (c)  AB  under  different  temperatures. 


15  min.  As  is  shown  in  Fig.  3,  the  main  phases  of  the  composites  are 
still  NaBH4  and  NH3BH3,  and  no  new  phases  are  detected.  It  in¬ 
dicates  that  there  is  no  chemical  reaction  between  SB  and  AB 
during  the  high-energy  milling  process. 

Morphology  and  surface  chemistry  of  the  solid  composites 
prepared  by  high-energy  ball  milling  are  examined  by  SEM  with 
EDS.  As  can  be  seen  from  Fig.  4,  the  particle  size  of  the  composite 
significantly  decreases  after  ball  milling  with  an  average  size  of  1- 
4  pm.  Little  AB  was  seen  in  SEM  micrographs  of  8SB-AB,  for  the  AB 
content  is  low,  and  AB  has  a  strong  water-absorption  ability.  Thus, 
AB  changes  into  amorphous  morphology,  and  covers  the  surface  of 
SB  crystal  particles.  AB  additive  plays  an  important  role  in  pre¬ 
venting  SB  particle  agglomeration,  making  the  composite  more 
porous  and  moreover,  improving  the  dispersion  of  SB  particles. 
These  factors  help  to  increase  the  specific  surface  area  of  the 


Table  1 

The  H2  yields  (wt%)  of  xNaBH4-yNH3BH3  composites3,5 


H2  yield  (wt%) 


x:y 

25  °C 

40  °C 

50  °C 

60  °C 

70  °C 

Theoretical 
hydrogen  yield 

Pure  SB 

2.17 

3.92 

5.83 

7.02 

8.86 

10.81 

Pure  AB 

0.63 

1.00 

1.19 

1.43 

1.89 

8.98 

1:1 

2.80 

5.22 

6.53 

7.85 

9.32 

10.00 

2:1 

3.01 

5.38 

6.92 

8.37 

9.61 

10.33 

3:1 

3.11 

5.48 

7.11 

9.05 

9.89 

10.41 

4:1 

3.28 

5.84 

7.33 

9.42 

10.41 

10.49 

5:1 

3.20 

5.69 

6.87 

9.45 

10.44 

10.55 

6:1 

2.50 

5.47 

6.62 

9.28 

9.77 

10.58 

7:1 

2.78 

5.13 

6.80 

9.30 

9.73 

10.61 

8:1 

2.69 

5.07 

6.62 

9.20 

9.64 

10.63 

3  The  theoretical  hydrogen  yield  is  calculated  in  accordance  with  Eqs.  (1)  and  (2). 
b  The  yields  of  composites  at  different  temperatures  are  considered  for  1  h  only. 


composite  and  maximize  the  contact  with  water  during  hydrolysis. 
Moreover,  to  some  extent,  AB  distributing  around  SB  hampers  the 
generated  metaborate  from  adhering  to  the  surface  of  SB,  and 
promote  the  hydrolysis  of  SB  more  thoroughly  and  hydrogen  gen¬ 
eration  more  effectively. 

Fig.  5  illustrates  XRD  patterns  acquired  from  the  solid  by¬ 
products  after  the  hydrolysis  of  xSB-yAB  composites.  The  main 
by-product  phase  is  hydrated  sodium  metaborate  NaB02-2H20 
(ICDD  ref.  06-0122).  NH3  is  detected  by  precipitates  formed  in 
Q1SO4  solution  during  the  experiment,  which  is  known  as  one  of 
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Fig.  3.  XRD  patterns  of  xSB-yAB  composites  in  different  molar  ratios  ( x:y  =  1:1,  2:1, 
4:1,  6:1,  7:1,  8:1)  after  ball-milling  for  15  min. 


hydrolysis  by-products  of  AB  [21].  And  sodium  metaborate  is 
observed  as  the  main  solid  by-product  of  SB  hydrolysis  in  many 
former  studies. 

Furthermore,  XRD  results  show  that  the  hydrolysis  by-products 
are  affected  little  by  the  reaction  temperature.  The  main  by-product 
is  NaB02-2H20  within  the  experimental  temperature  range.  How¬ 
ever,  Andrieux  et  al.  [22]  mentioned  in  their  work  that  temperature 
affected  the  phase  formed  by  NaBH4  hydrolysis,  i.e.  the  hydration 
degree  of  borate  compound,  which  is  in  contrast  to  the  result  in  this 
work. 

Fig.  6  represents  the  XRD  patterns  of  the  hydrolysis  by-products 
exposed  to  air  for  2  months.  Upon  prolonged  exposure  to  air,  the 


Fig.  5.  XRD  patterns  of  the  by-products  after  the  hydrolysis  of  xSB-yAB  composites  at 
40  °C. 


main  by-product  NaB02  -2H20  and  unreacted  SB  finally  transform 
to  the  sodium  tetraborate  pentahydrate  Na2B40y5H20  (ICDD  ref. 
07-0277),  which  is  also  consistent  with  the  result  in  Ref.  [23].  It  can 
be  explained  that  the  observed  phase  transition  as  hydration  of  the 
by-product  is  due  to  air  moisture. 

3.3.  Hydrolysis  mechanism 

3.3.1  Influence  of  temperature  on  hydrolysis  properties 

As  described  in  Section  3.1,  xSB-yAB  composites  show 
improved  hydrolysis  kinetics  and  higher  hydrogen  generation 
yield  compared  with  pure  SB  or  pure  AB.  Their  hydrogen  gener¬ 
ation  performances  at  higher  temperature  make  them  attractive 
particularly  for  practical  applications.  The  improvement  mainly 


Fig.  4.  SEM  micrographs  of  the  samples  before  hydrolysis:  (a)  SB-AB;  (b)  4SB-AB;  (c)  8SB-AB;  (d)  pure  SB  without  ball  milling. 
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Fig.  6.  XRD  patterns  of  the  solid  by-products  exposed  to  air  for  2  months. 


♦  Na2B4C>7  •  5H2O 
V  NaB02  •  2H20 
o  NH3BH3 


T - 1 - 1 - 1 - 1 - 1 - 1 - ' - 1 - 1 - 1 - 1 - 1 - r 


comes  from  the  following  factors:  firstly,  the  processes  of  dis¬ 
solving  AB  and  SB  in  water  are  endothermic  [21,24],  and  thus 
higher  temperature  favors  the  dissolution  of  the  composite,  which 
is  an  important  step  in  the  hydrolysis  process  [25].  Secondly,  the 
dynamic  activity  of  the  particles  (i.e.  the  movement  and  the 
collision  of  particles)  in  solution  improves  with  increased  tem¬ 
perature,  leading  to  an  easier  hydrolysis  start  and  subsequent 
hydrogen  release. 

3.3.2.  Evolution  of  the  aqueous  solution  pH  values 

Schlesinger  et  al.  [26  found  that  the  solution  pH  value  was  one 
of  the  limiting  parameters  for  the  hydrolysis  of  SB.  Accordingly, 
the  evolution  of  the  solution  pH  values  for  some  samples  is  then 
monitored.  The  pH  value  of  the  solution  in  reactions  is  8.8-11.2, 
which  shows  weakly  alkaline.  As  shown  in  Fig.  7a,  pH  value  rises 
up  to  11.20  from  10.40  when  the  temperature  rises  from  25°C  to 
70  °C.  The  pH  value  of  the  resulting  solution  from  SB  hydrolysis 
increases  since  the  BH4  anions  converted  into  alkaline  ions  BO2 . 
The  higher  the  temperature,  the  more  thorough  the  conversion. 
However,  it  is  clear  that  the  alkalinity  has  a  negative  effect  on  H2 
generation  yield  of  SB  hydrolysis,  and  the  increasing  pH  value 
leads  to  the  decrease  in  initial  hydrogen  evolution  rate.  Adding  AB 
decreases  the  pH  value  of  the  composite.  At  60  °C,  the  pH  value  of 
the  solution  after  hydrolysis  is  less  than  that  of  pure  SB,  as  shown 
in  Fig.  7b,  and  with  the  increase  of  the  amount  of  AB,  the  pH  value 
decreases.  On  one  hand,  AB  is  added  to  reduce  the  amount  of  SB  in 
composite,  which  also  led  to  a  decline  in  BH4  ions  concentration. 
On  the  other  hand,  boric  acid  as  a  kind  of  weak  acid  produced 
during  the  hydrolysis  of  AB  can  reduce  the  pH  value  of  the  solu¬ 
tion.  Thereby,  the  hydrogen  generation  property  of  the  composite 
outperforms  its  monomers. 

3.3.3.  Reaction  route 

According  to  the  detected  by-products  of  composite  and  many 
former  studies  [25,27,28]  about  the  hydrolysis  procedure  of  SB  and 
AB,  the  composite  hydrolysis  reactions  are  concluded  as  follows: 

NH3BH3  +  3H2O^NH3  +  B(OH)3  +  3H2  (3) 

NaBH4  +  4H20 - - >NaB02 -2H20  +  4H2  (4) 

However,  we  cannot  infer  that  AB  and  SB  hydrolyze  respectively 
in  the  process  of  the  composite  hydrolysis.  The  detailed  reacting 
process  is  suggested  as  follows: 


11.4 


temperature  (°C) 


pure  AB  SB-AB  2SB-AB  4SB-AB  6SB-AB  8SB-AB  pure  SB 
reactants 


Fig.  7.  The  pH  values  of  the  resulting  solution  after  hydrolysis:  (a)  pure  SB  at  different 
temperatures:  (b)  different  reactants  at  60  °C. 


NH3BH3(s)— 5^_^NH3(aq)  +  BH3(aq)  (5) 

NaBH4(s)  H2°  >Na+(aq)  +  BH4  (aq)  (6) 

BH3(aq)  +  3H20(l)-B(0H)3(aq)  +  3H2(g)  (7) 

BH4  (aq)  +  4H20(1)  — >  B(OH)3  (aq)  +  OH-(aq)  +  4H2(g)  (8) 

B(OH)3  (aq)  +  OH-  (aq) «  B(OH)4  (aq)  (9) 


According  to  the  calculated  results  in  Ref.  [29],  the  B-N  bond 
distance  (1.666  A)  in  AB  is  longer  than  either  that  of  B-H  (1.208  A) 
or  N-H  (1.071  A),  reflecting  that  B-N  bond  is  easier  to  be  broken 
than  the  other  two  bonds  in  AB.  After  high-energy  ball  milling,  the 
activity  of  the  composite  powder  increases.  It  is  reasonable  to 
consider  that  there  are  some  interactions  between  AB  and  SB 
molecules.  In  the  joint  function  of  H20  molecules  and  the  electron- 
donating  group  BH4,  the  B— N  bond  is  broken  and  AB  is  decom¬ 
posed  into  BH3  and  NH3,  as  shown  in  Eq.  (5)  [20].  A  solvated  form  of 
BH3  is  proposed  as  a  highly  reactive  intermediate  which  is  con¬ 
verted  to  product  boric  acid  along  with  the  H2  release  via  a  series  of 
rapid  steps  [28].  In  return,  the  electron  donor  NH3  and  the  electron 
acceptor  BH3  provided  by  AB  have  an  impact  on  the  electron 


12 


Y.  Xu  et  al.  /  Journal  of  Power  Sources  261  (2014)  7-13 


configuration  of  BH4 ,  causing  B-H  bond  in  BH4 "  more  unstable  and 
easier  dehydrogenated.  The  increase  in  pH  value  during  reaction 
can  be  explained  by  Eq.  (7)  which  occurs  in  a  stepwise  manner  25]. 
But  in  an  alkaline  environment,  boric  acid  generated  by  reactions 
(7)  and  (8)  will  continue  to  react  with  OH-  ions  and  convert  to 
B(OH)4  ultimately.  Based  on  this  reason,  boric  acid  is  not  detected 
by  XRD  patterns. 

3.3.4.  Reaction  activation  energy  of  xSB-yAB  system 

The  hydrolysis  reaction  kinetics  ofxSB— yAB  composite  is  further 
investigated  at  varied  temperatures.  The  obtained  kinetic  simula¬ 
tion  curves  of  4SB-AB  composites  are  presented  in  Fig.  8.  As  shown 
in  Fig.  8a,  H2  generation  is  expressed  as  conversion  rate  (%),  which 
is  defined  by  the  volume  of  produced  H2  over  the  theoretical  vol¬ 
ume  of  H2,  and  all  composites  were  assumed  to  react  completely. 
The  simulation  curves  are  found  to  be  well  fitted  to  the  Avrami 
equation  (Eq.  (10)),  which  is  deduced  from  the  nucleation  and 
growth  process: 

F(t)  =  1  -  exp(-/<tm)  (10) 

where  F  is  the  reaction  rate;  k  is  reaction  constant;  m  is  Avrami 
constant;  and  t  is  reaction  time.  The  values  of  k  and  m  can  be  ob¬ 
tained  by  fitting.  The  values  of  the  constants  for  the  Avrami  equa¬ 
tions  derived  from  all  the  composites  and  the  R2  values  can  be 
found  in  Table  SI  in  Supplementary  data.  The  correlation  factor  (ft2) 


of  each  curve  for  the  hydrolysis  of  4SB-AB  composite  exceeds  0.99, 
the  similar  characteristics  can  be  found  for  the  other  xSB— yAB 
composites  and  pure  SB,  but  not  for  pure  AB.  This  result  confirms 
that  the  hydrolysis  reactions  of  xSB-yAB  composites  obey  the 
nucleation  and  growth  mechanism,  which  is  in  agreement  with  the 
study  by  L.Z.  Ouyang  et  al.  [30]. 

According  to  Arrhenius  equation,  the  reaction  rate  constant  and 
temperature  exhibit  exponential  relationship: 

k  =  A  exp(  -  Ea/RT)  (11) 

where  k  is  the  reaction  rate  constant  (in  this  work,  k  was  obtained 
from  formula  (10)),  T  is  the  reaction  temperature,  A  is  the  pre¬ 
exponential  factor  and  R  is  the  universal  gas  constant,  and  Fa  is 
the  activation  energy.  Eq.  (11)  can  be  written  as: 

In  k  =  In  A  -  (Ea/R)-(!/T)  (12) 

An  Arrhenius  plot  of  In  k  (reaction  constant)  versus  the  recip¬ 
rocal  of  absolute  temperature  (1/T)  is  shown  in  Fig.  8b.  From  the 
slope  of  the  fitted  straight  line,  the  activation  energy  of  the  hy¬ 
drolysis  reaction  is  calculated  to  be  37.23  kj  mol-1  and  the  corre¬ 
lation  factor  (ft2)  value  is  more  than  0.99.  Arrhenius  plots  for  other 
composites  and  the  ft2  values  can  be  found  in  Fig.  S2  in 
Supplementary  data. 

Table  2  shows  the  activation  energies  of  different  mole  ratio  of 
xSB-yAB  composites.  The  corresponding  results  are  in  the  range  of 
30-90  kj  mol-1  in  metal  catalyzed  hydrolysis  of  sodium  borohy- 
dride,  ammonia  borane,  and  ammonia  triborane  [31],  and  close  to 
the  results  reported  for  the  hydrolysis  of  NaBH4  catalyzed  by  Pt— 
LiCo02  (35.75  kj  mol-1)  [32],  Co  (41.9  kj  mol'1)  [33],  Ru(0)  nano¬ 
clusters  (43  kj  mol”1)  [34],  NixB  (38  kj  mol-1)  [35]  and  Co-P-B  on 
Ni  foam  (38.8  kj  mol-1)  [36].  It  indicates  that  catalyst-free  xSB-yAB 
composites  have  good  kinetics  property  as  those  with  catalysts.  As 
can  be  seen  from  the  results,  from  x/y  =  1  to  x/y  =  4,  the  activation 
energy  decreases,  and  from  x/y  =  4  to  x/y  =  8,  the  activation  energy 
increases.  Among  them,  3SB— AB,  4SB-AB  and  5SB-AB  composites 
have  the  lower  activation  energies.  This  is  consistent  with  the  result 
that  these  composites  have  the  better  comprehensive  properties  as 
seen  in  Fig.  2. 

4.  Conclusions 

The  xSB-yAB  composites  have  been  prepared  by  a  mechanical 
milling  method.  Both  the  hydrolysis  property  and  the  reaction 
mechanism  of  the  composites  are  studied.  The  main  conclusions 
are  as  follows: 

1)  Without  any  catalyst,  the  xSB-yAB  composites  (molar  ratios 
ranging  from  1:1  to  8:1)  show  much  better  hydrolysis  kinetics 
and  higher  hydrogen  generation  yields  compared  with  pure  SB 
or  AB.  All  composites  release  above  90%  of  hydrogen  in  an  hour 
at  70  °C  and  their  hydrogen  yields  reach  9  wt%  even  taking  the 
reacted  water  into  account. 

2)  The  H2  generation  yield  reaches  99%  when  the  molar  ratio  of  SB/ 
AB  is  4:1  or  5:1.  And  the  corresponding  mass  hydrogen  pro¬ 
duction  is  over  10  wt%,  indicating  that  the  xSB-yAB  composites 
maybe  promising  materials  to  produce  hydrogen  for  practical 
application. 


Table  2 

The  activation  energies  of  xSB— yAB  composites. 

x:y  1:1  2:1  3:1  4:1  5:1  6:1  7:1  8:1  SB 

Ea  (kj  mol-1)  45.59  42.27  38.70  37.23  38.34  42.8  43.78  44.12  40.07 


Fig.  8.  Hydrolysis  kinetics  simulation  curves  of  4SB-AB  composite. 
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3)  The  main  solid  hydrolysis  by-product  of  the  composites  is 
NaB02-2H20,  and  it  transforms  into  Na2B407-5H20  when 
exposed  to  air  for  2  months.  This  phase  transition  is  due  to  air 
moisture. 

4)  The  improvements  of  the  hydrolysis  properties  of  the  xSB-yAB 
composites  may  be  attributed  to  the  following  factors:  a).  The 
addition  of  AB  improves  the  dispersibility  of  SB  particles  and 
increases  the  specific  surface  area  of  the  composites;  b).  AB 
distributing  around  SB  hampers  the  generated  metaborate  from 
adhering  to  the  surface  of  SB,  and  promote  the  hydrolysis  of  SB 
more  thoroughly;  c).  Adding  AB  decreases  the  pH  values  of  the 
solutions  during  hydrolysis;  d).  The  combination  of  the  two 
compounds  gives  a  synergetic  effect  in  the  reacting  process. 

5)  Catalyst-free  xSB-yAB  composites  have  good  kinetics  property 
as  those  with  catalysts.  The  activation  energies  of  a  series  of 
xSB-yAB  composites  are  in  the  range  of  37.2—45.6  kj  mol-1, 
which  are  comparable  to  the  catalytic  NaBH4  with  some 
precious  metals  and  alloys. 

Appendix  A.  Supplementary  data 

Supplementary  data  related  to  this  article  can  be  found  at  http:// 

dx.doi.org/10.1016/j.jpowsour.2014.03.038. 
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